C is likely driven by ontogenetic changes, both in diet and metabolism with size. A marked and rapid decrease in the δ 
INTRODUCTION
The wild Atlantic salmon Salmo salar, L. is an important commercial and cultural species throughout its geographic distribution. Whereas most high seas fisheries have been curtailed or closed over the last 3 decades, coastal and freshwater fisheries still operate in many countries. Despite the reduction in exploitation both at sea and in freshwater, many stocks remain at reduced reproductive capacity (ICES 2010) . In particular, the estimated pre-fishery abundance and spawning escapement of southern European stocks (originating from the British Isles, France, Spain and south/west Iceland) are approaching conservation limits, and there is growing recognition that a major driver of these declines is a reduction in marine survival (ICES 2008 , Todd et al. 2008 , Friedland et al. 2009 , ICES 2010 .
ABSTRACT: Long-term declines in abundance of wild Atlantic salmon Salmo salar, L. have been linked to reductions in marine survivorship, and recent reductions in growth condition (a measure of fish quality) have been correlated to increased mid-winter sea-surface temperature anomalies in the eastern North Atlantic. Establishing a causal link between marine climate and salmon somatic condition is difficult without at-sea measurements of environmental and biological parameters, but electronically tagging these animals to obtain this information is also difficult and costly. The stable isotope composition of oxygen and carbon in the sequential layers of salmon otoliths can provide a basis for retrospective studies of the thermal, metabolic and dietary histories of individual fish. We used high resolution δ
18
O and δ 13 C profiles obtained using secondary ion mass spectrometry to compare the marine thermal and metabolic behaviour of 1 sea-winter return-migrant adult salmon. Seasonal and ontogenetic patterns in δ
O and δ
13
C values dominated isotope variation, although there were marked differences between individual profiles, indicating the potential for large differences in individual migration routes. There was no significant relationship between isotope variation and adult condition. Constructed thermal profiles provided plausible data, but the present uncertainty in otolith thermometry parameters for an openocean fish such as Atlantic salmon preclude firm conclusions based on these estimates. Marine life-history variation in otolith δ Atlantic salmon are anadromous fish, emerging from gravel as alevins in freshwater in early spring; the precise timing depends upon the temperature and the rate of development of the eggs. Juveniles typically spend 1 to 5 yr feeding on macroinvertebrates before undergoing smoltification and migration to sea. At sea, they may spend one (1 sea-winter, 1SW) or multiple (multi-sea-winters) years feeding on crustaceans, squid and fish in the sub-Arctic waters of the North Atlantic before returning to their natal rivers to spawn , Haugland et al. 2006 , Rikardsen & Dempson 2011 . Recent decreased marine survival may result from high-seas exploitation, but, given the reduction in marine fishing pressure, other mechanisms are likely to be operating. Large-scale changes in the distribution and phenology of plankton species in the eastern North Atlantic over the past 3 decades have been connected with ocean climate change (Beaugrand et al. 2002 , Beaugrand & Reid 2003 , Richardson & Schoeman 2004 ; such shifts also could be implicated in reduced marine survival of salmon migrating to and from the Norwegian Sea (Beaugrand & Reid 2003) . Todd et al. (2008) reported recent declines in length, weight and somatic growth of wild 1SW Atlantic salmon returning to Scottish rivers between 1993 and 2006. Using stock-specific length/weight regression equations to estimate the condition factor of individual fish and entire annual cohorts, and by linking these estimates to tissue lipid content, they showed a highly significant and progressive reduction in mean body condition and fat reserves of returning 1SW salmon. The driver appears to be an indirect influence of recent ocean warming on the availability of prey. This qualitative assessment of adult health of mixed stocks immediately prior to freshwater re-entry for spawning may be of more concern to salmon managers than are the declines in pre-fishery abundance and spawning escapement, because of its implications for the ability of salmon to successfully complete freshwater migration and spawn.
Whilst Todd et al. (2008) and others (Bacon et al. 2009 , Friedland et al. 2009 , Friedland & Todd 2011 have recognized the likely contribution of marine climate changes to the reduction in abundance and growth success of 1SW stocks of wild Atlantic salmon, there is a dearth of empirical information regarding the specific marine migration trajectories of wild stocks. The inability to retrospectively study the environmental conditions actually experienced by salmon in the North Atlantic has made it difficult to identify seasonal times and regions of particular concern. Tracking marked or individual salmon at sea is very expensive and challenging; catch rates and tag returns often are low (Anonymous 2010) and, until comprehensive genetic databases are created, stock identification is constrained to large regions of the North Atlantic (e.g. North American versus European stocks) ). In this regard, sampling individuals from coastal fisheries for monitoring salmon health has 4 major advantages; first, it is relatively inexpensive compared to at-sea surveys. Second, regional provenance or specific river origin may be inferred depending on the catch location. Third, accurate sea-ages can be ascribed to individuals from scale readings and, fourth, annual re-sampling is more achievable. By collecting and analysing the tissues of returning adult salmon, it is possible to make inferences about the environmental changes at sea during their migration by using 'proxy' methods including stable isotope analysis (e.g. Gao & Beamish 1999 , Trueman & Moore 2007 , Sinnatamby et al. 2009 , MacKenzie et al. 2011 . Examining chemical signals incorporated into biomineralised structures such as otoliths can provide insight into the details of thermal, metabolic and dietary histories of these elusive and long-distance migrants.
Otoliths are biomineralised aragonite structures of the inner ear of teleost fish (Popper & Coombs 1982 , Popper & Lu 2000 . Otolith growth is continuous, often displaying annual (macroscopic) and daily (microscopic) banding, and the structure is metabolically inert after formation. Unlike fish scales, otoliths are not susceptible to resorption (Campana & Thorrold 2001) and so provide an environmental and physiological record of fish life history. Because of these features, otoliths can be sub-sampled at high resolution to provide ontogenetic patterns of stable isotope variation (δ 13 C and δ 18 O) over the relatively short time periods of days to weeks. Similar to inorganic aragonite, δ
18
O values of otolith aragonite are deposited at or near equilibrium with the ambient water composition (Campana 1999 , Kim et al. 2007 . Fractionation is mediated by temperature; thus, the water temperature during otolith deposition can be resolved provided that the δ
O values of ambient water are known or can be estimated (Degens et al. 1969 , Kalish 1991a , Patterson et al. 1993 , Thorrold et al. 1997 , Høie et al. 2004b , Storm-Suke et al. 2007 ). However, the few experimental derivations of otolith thermometry equations (from otolith δ
O values) have shown that the equation parameters are not consistent across species (Patterson et al. 1993 , Thorrold et al. 1997 , Høie et al. 2004b , Storm-Suke et al. 2007 ). Even within a species for which a specific equation has been derived, precision and accuracy of temperature estimates from otolith δ
O values vary up to several degrees Celsius (Høie et al. 2004a ). Nevertheless, relative -if not absolute -differences in thermal history during the marine phase, and environmental conditions experienced over the course of that migration, will be preserved in otoliths.
In contrast to oxygen, carbon isotope ratios in fish otoliths are not deposited in isotopic equilibrium with the surrounding water (Kalish 1991a,b) . Isotopic disequilibria of carbon isotope ratios can, however, provide information on the dietary and metabolic history of fish if the δ 13 C value of the ambient dissolved inorganic carbon (DIC) can be constrained (Mulcahy et al. 1979 , Gauldie 1996 , Thorrold et al. 1997 , Sherwood & Rose 2003 , Wurster & Patterson 2003 , Tohse & Mugiya 2004 , Solomon et al. 2006 , Dufour et al. 2007 ). However, partitioning metabolic and dietary carbon sources to otolith carbonate is difficult for freeranging wild fish in the open ocean. Notwithstanding these limitations, comparing thermal and metabolic/ dietary histories between and within individual salmon returning with different condition factors may provide insights into the oceanic conditions they experienced and indications as to how salmon may respond to future environmental changes. But to address such questions, high-resolution, detailed profiles for individual fish are necessary to permit examination of variation at appropriately small temporal scales.
The sagittal otoliths of 1SW Atlantic salmon are small (~5 mm in ventral length), and the marine zone is only ~1 mm in extent. Many studies have used micromilling techniques to analyse microgram samples of otolith material, and have provided detailed isotopic profiles at high resolution (Wurster & Patterson 2003 , Zazzo et al. 2006 , Dufour et al. 2007 . The technique relies on digital mapping of visible otolith growth increments and automated milling of consecutive sampling paths, which generally traverse a large otolith area. In contrast, secondary ion mass spectrometry (SIMS) allows in situ analysis of nanograms of otolith material -with individual spot sizes of ~15 µm diameter and 2 to 3 µm depth. The beam can be directed to specific and discrete points on a small area of the otolith and provides isotopic measurements with similar analytical precision to traditional techniques. These advantages have made it a useful approach to examine anadromy in salmonids using strontium and sulphur stable isotopes (Godbout et al. 2010 , Johnson et al. 2012 , and to reconstruct individual thermal and metabolic histories using carbon and oxygen stable isotope profiles (Weidel et al. 2007 ). However, it is important to note that sample sizes often are limited by the higher costs of SIMS analyses and that some new tools in otolith microchemistry (e.g. compound specific isotope analysis; McMahon et al. 2011 ) cannot be used in conjunction with SIMS. Here, we consider SIMS to be an appropriate technique to obtain in situ measurements of δ
13
C within the small spatial (>1 mm) and temporal (~15 mo) scales necessary to examine marine life histories of individual wild Atlantic salmon (Hanson et al. 2010) .
The aims of this SIMS study were to explore marine life-history strategies in wild Atlantic salmon by exam ining the pattern and variation in thermal histories and otolith δ 13 C values during the marine phase, and evaluating δ 18 O and δ
C variability between and within individuals, specifically in relation to their pre-spawning growth condition. We specifically sought evidence that fish returning in low somatic condition might have migrated to warmer areas of the Norwegian Sea, with poorer feeding opportunities. We also explore factors affecting variation in otolith δ
C values, including metabolic and dietary effects.
MATERIALS AND METHODS

Sample collection and preparation
Salmon Salmo salar were sampled during the 2009 netting season (June to August) from the coastal mixed-stock fisheries (Shearer 1986) at Melvich (58.57°N, 3.92°W) and Armadale (58.10°N, 4.57°W), northern Scotland. Fork length (to 0.5 cm, rounded down) and weight (to 0.01 kg) of each fish were measured, and scale samples were collected for aging and growth analysis. Condition factor was calculated by means of the relative mass index, W r (Blackwell et al. 2000) :
where W is the weight of the fish at capture and W s is the standard weight predicted from a specific length/ weight regression equation for salmon sampled at the fishery. This was derived by the regression length percentile method, treating 14 yr-classes as separate populations and regressing the 75th percentile of log(weight) at each 1 cm grouping against log(length) (Todd et al. 2008) . Scales were taken from the standard region for Atlantic salmon, 3 to 6 rows above the lateral line and posterior to the dorsal fin (Shearer 1992 C. Each analysis took 6 min, including a pre-sputtering time of 60 s, followed by automatic secondary beam and entrance slit centring and finally data collection in 2 blocks of 20 cycles (total 200 s: 5 s × 40 cycles). A series of 10 to 15 unknown sample measurements were bracketed by 5 or 10 spot analyses of an internal reference material (University of Wisconsin-calcite) to assess instrumental fractionation, including the effect of electron multiplier ageing. Internal precision of a single measurement was 0.01% SE, and external reproducibility (i.e. spot-to-spot reproducibility of multiple measurements of the UWCcalcite reference material over the duration of analyses) was < 0.21‰ SD for δ C values are reported relative to Vienna Pee Dee Belemnite (VPDB) (Coplen 1996) . Each sampling transect originated at the outer margin of the otolith and was terminated once a freshwater isotope signal was recorded (typicallỹ 1 mm from the otolith edge). A duplicate δ
18
O transect, offset by approximately 25 µm from the original, was completed for Fish A3. All otolith analyses are reported in per mil (‰) notation relative to VPDB.
Statistical analysis
Because sampling transects progressed inwards from the otolith margin to the core of the otolith, the point at which isotope profiles began to reflect freshwater rather than marine residency was recognizable as a substantial decrease in δ
18
13
C values of 4 ‰ within ~50 to 100 µm (Hanson et al. 2010) . To compare isotope profiles between fish, it was necessary to demarcate a value for the start of the marine migration, to exclude those values reflecting the freshwater environment, and to re-scale the abscissa to a proportional distance from the freshwater/ marine transition. Consequently, all profiles were truncated near the transition (identified visually) to include δ
18
O values which were more than −4 ‰ and δ
13
C values which were more than −9 ‰. Distances were re-scaled as proportional distances along the otolith, with the first value of the 'marine zone' equal to zero and the final value at the outer margin of the otolith equal to one.
Because we were most interested in amongindividual variation due to condition factor differences, fish were separated into 2 groups according to W r (Group A, W r > 0.90 and Group B, W r < 0.90). We modelled the relationship between isotope values and their location across the otolith transect (representing a progression through time) using penalised regression spline generalised additive models (GAM; mgcv package; Wood 2011). This approach allows the analysis of regression models comprising both parametric or fixed effects (sex, W r group and river age) and nonparametric or nonlinear covariates (distance along the otolith transect). Isotope data were modelled as a smoothed function of proportional distance along the otolith and including the effects of sex, condition factor group, river age and individual.
Individual fish-specific effects were included to account for variability between individuals and for the correlation in individual profiles which results from longitudinal measurements. In one model (2; see Table 2 ), we specifically included a smoothed function of isotope variation by distance along the otolith for each W r group to test for significant differences in the pattern of isotope variation between Groups A and B. A backwards stepwise approach was taken for model selection, and models were compared using a bias corrected Akaike information criterion (AICc) (Akaike 1976 , Hurvich & Tsai 1989 . All GAMs used an identity link function and Gaussian distribution. Visual inspection of model residuals allowed the determination of outliers. All statistical analyses were performed in the statistical package R (R Core Development Team 2011).
Chronology estimation
To relate otolith transects to seasonal variation, it was necessary to estimate the deposition time for each otolith spot. We used scale growth circulus increments for this estimation because using the spacing of micro-increments in the otoliths themselves poses 2 problems. First, it was difficult to obtain an appropriate thin section for all otolith sections following SIMS analyses; second, the timing and validation of otolith increment formation in adult Atlantic salmon is not well understood. Although otoliths are acellular, their precipitation is linked to somatic growth (and hence also to scale growth increments) because of the importance of organic molecules in providing nucleation sites (Degens et al. 1969 , Campana & Thorrold 2001 , Murayama et al. 2002 , Wells et al. 2003 . Whilst increment formation has been characterised for embryonic and juvenile salmon (Geffen 1983 , Wright et al. 1991 , only one study has attempted to estimate the timing of otolith formation in adult Atlantic salmon. For pen-reared captive salmon, Wells et al. (2003) estimated average micro-increment deposition time to be just over 1 wk (8 d) in 1SW salmon; they also noted correlations between scale circuli widths and otolith increment widths in wild adult salmon that were presumed to be related to seasonal growth patterns. In the absence of reliable growth increment analyses of the otoliths themselves, we therefore used scale circulus increment analyses as a nonlinear proxy to estimate the deposition time of each SIMS spot. Back-calculation of body length by means of the Dahl-Lea method, which assumes linearity between scale radius and fish length, is typically applied in growth studies of Atlantic salmon (e.g. Heidarsson et al. 2006 , Jensen et al. 2011 . However, circulus deposition clearly is nonlinear over time. As an illustration of the temporal nonlinearity of scale circulus deposition of 1SW salmon scales, the mean days between circuli for the pre-winter and post-winter growth periods of 23 tagged 1SW fish of known emigration and capture date were, respectively, 8.1 and 11.0 d (C. D. Todd unpubl. data). This nonlinearity arises from the interaction between the direct relationship between body length and otolith/scale size, and the declining temporal rate of circulus deposition as fish body length increases (i.e. an increment measurement during a period of rapid fish growth will represent less time than a similar increment measurement during a period of slower growth). Here, we allowed for the progressive increase in temporal spacing of circuli by fitting a simple quadratic model to circulus increment over the time at sea.
Measurements of scale circulus spacings were made from acetate impressions of individual scales using a Wild M8 microscope connected to an image analysis system (analySIS 2.0; Soft-Imaging Software). The marine winter growth check annulus is easily recognisable on scales of 1SW salmon and typically comprises 2 to 12 circuli (C. D. Todd unpubl. data). Measurements were made at a resolution of ~4 to 7 µm from the scale focus to (1) the transition at smolt emigration to sea, (2) the middle of the marine winter growth check annulus (i.e. marked contraction of spacing of scale circuli associated with decreased growth during winter), and (3) the scale edge along the longest scale axis (Fig. 1) .
For the purpose of establishing a chronology, the timings for these events were assumed to be 7 May (median date of 50% smolt emigration between 2006 and 2010 on the River North Esk, Scotland; J. C. MacLean, Marine Scotland, pers. comm.) and 21 December (the winter solstice). The winter solstice was used as the mid-winter date because salmon are visual predators (Wankowski 1977 , Haugland et al. 2006 ) and can range northwards into high latitudes. At such latitudes, it is intuitive that the lack of available light during mid-winter would be the main constraint on prey capture and hence somatic growth. Evidence from research trawls and long-line fisheries indicates that Atlantic salmon are distributed to the north of the Faroes (~62°N) and move further northward and into the Norwegian Sea during winter (Jakupsstovu et al. 1988 , Dadswell et al. 2010 . Few hours of daylight are therefore available for foraging during the period November to January. The date of capture provides the timing for the scale edge.
To relate scale circulus measurements to otolith SIMS spots, the former were re-scaled to proportional distance from the smolt emigration. The relationship between this proportional distance and fixed dates was then plotted for each individual fish. A quadratic equation of the form ax 2 + bx + c best de scribed the relationship (r 2 = 1 in all model fits) between proportional distance and calendar date, likely because the timing of scale circulus formation is not ontogenetically constant, and growth in length decreases with size ( Fig. 1) . All otolith profiles were truncated at smolt emigration and re-scaled as a proportional distance so that the constants from the equations described above could be used to calculate an approximate calendar date at each SIMS spot. By using scale growth increments to estimate deposition time for specific spots on the otolith, we make several simplifying assumptions. First, we assume that both otolith and scale growth increments are nonlinear over time at sea. Second, we assume that scale growth is closely correlated to otolith growth for all individuals. Lastly, by assuming fixed dates for smolt emigration and the winter annulus check, we could not account for the relatively small but inevitable error associated with natural variation in the timing of these events.
Otolith thermometry
The isotopic partitioning of oxygen between otolith aragonite and ambient water can be described in terms of the isotopic fractionation factor, α:
Temperature-dependent fractionation is described as:
where a is the estimated regression intercept, b the estimated slope coefficient and TK is water temperature in degrees Kelvin (K). The parameters a and b
have not yet been measured empirically for wild Atlantic salmon; to date, the most closely related species for which there is an otolith thermometry equation is Arctic charr Salvelinus alpinus (Storm-Suke et al. 2007 ), whereby a = −41.69 and b = 20.69. Whilst relative differences in thermal profiles rather than absolute temperature estimates were the primary focus of the present study, an attempt was made to provide a more appropriate equation specifically for Atlantic salmon by estimating a from the present data and assuming a slope of b = 17.88 ± 0.13 derived for the fractionation between water and synthetic aragonite (Kim et al. 2007 Fig. 1 . Salmo salar. Scale growth increment analysis was used to estimate the timing of otolith secondary ion mass spectrometry (SIMS) spots. (a) 3 measurements were taken from salmon scales: A, smolt emigration to sea; B, the middle of the marine winter growth check annulus (i.e. marked contraction of spacing of scale circuli associated with decreased growth during winter); and C, the scale edge. (b) These measurements were re-scaled to a proportional distance from smolt emigration and regressed against 3 fixed dates for these events. Smolt emigration was set to 7 May for all fish, the winter check was set to 21 December for all fish, and fish-specific catch dates were used as the final date for the scale edge. Quadratic functions (r 2 = 1) were fitted for each individual fish and used to calculate dates for each SIMS otolith spot (also re-scaled as proportional distance from smolt emigration to otolith edge) C variation in aragonitic otoliths arises from the mixing of bicarbonate of the DIC component of ambient water and metabolically derived bicarbonate in the blood (which is itself reflective of dietary carbon); this can be described by a mass-balance model (Schwarcz et al. 1998 , Wurster & Patterson 2003 , Dufour et al. 2007 ) such that: (5) where M describes the proportion of metabolic carbon in the otolith and ε A−B is an isotopic enrichment factor describing the fractionation of isotopes between the different carbon pools. Although these factors will depend also on the value of M, for present purposes they were simplified to a single metric, ε total , describing the total fractionation between all carbon sources and the otolith. This has been estimated to be between 2.7 ‰ (± 0.6) for inorganic aragonite (Romanek et al. 1992 ) and −1.8 ‰ (±1.8) for biogenic aragonite (estimated from the full model in Solomon et al. 2006) . To estimate the possible range in M from salmon otolith δ 13 C values, we varied the known variables over plausible values (δ 13 C DIC = 0 to 2.2 ‰; δ 13 C diet = −23 to −17.4 ‰; ε total = 0 to 2.7 ‰; Gruber et al. 1999 , Sato et al. 2002 , Møller 2006 , Søreide et al. 2006 ) and solved Eq. (5) for M ).
RESULTS
Two otoliths, B3 and B5, of Salmo salar were excluded from δ 18 O analyses due to instrument time constraints, and 1 otolith, B4, was excluded from δ 13 C analyses because it was inadvertently destroyed during SIMS analysis. For the duplicate δ
18
O transect, scanning electron microscope images guided the matching of points to particular growth zones, and the matched profiles were found to be highly correlated ( Fig. 2; Pearson's r 2 = 0.89, p < 0.001), affirming that O (a total of 314 measurements from 8 individuals; Fig. 3 ) and 11 to 24 analyses per otolith for δ 13 C (a total of 157 measurements from 9 individuals; Fig. 4 ). δ
O values in the marine zone ranged from −3.57 to 1.11 ‰ and δ 13 C from −11.08 to −2.77 ‰ (Table 1; Fig. 5) .
The best-fit model for both δ
13
C was Model 1 (Table 2) , which included all 3 fixed effects (W r group, sex and river) and proportional distance along the otolith transect as a highly significant nonlinear predictor. All fixed effects, except the δ 13 C intercept, were not significantly different from zero (Table 3 ). The effect of lower condition factor (Group B) on the intercept was negative for both δ 18 O and δ 13 C values, although the standard error associated with these estimates was high and the result was not significant. Whilst a 'low' condition factor group was defined here as W r < 0.90, W r = 0.97 is, in fact, 'normal' or 'average' because of the use of 75th percentiles in generating the predictive equation . Therefore, the majority of the fish sampled here may be considered 'skinny'. An increased number of individuals in 'good' to 'normal' condition would be necessary to more robustly determine the differences in marine environmental conditions experienced by each group.
From variance components it is apparent that intraotolith variation dominated (Table 3) O profiles within the marine zone scaled to a proportional distance from the freshwater−marine transition (0 = smolt emigration, 1 = capture as adults in coastal waters). Generalised additive model smoothes and 95% confidence intervals were generated for each individual. The condition factor (W r ) for each fish is given on individual plots, with distinctions between relatively high (A) and low (B) condition groupings. Two otoliths, B3 and B5, were excluded from δ (Fig. 4) , but this pattern was not related to condition factor group.
The approximated chronology from fish scales was used to plot estimated thermal histories for all fish (Fig. 6a) O seawater , a and b (from Eq. 3) in temperature calculations resulted in an increase of the standard deviation of the mean from approximately ± 3 to ± 6°C.
Allowing the input variables to range over plausible values of δ 13 C DIC , δ 13 C diet and ε total , the metabolic contribution of carbon (%M) to otolith aragonite in the present study varied widely from 4 to 81%. Over the marine life of salmon, these values typically fluctuated by ~33 to 48% and followed a clear ontogenetic pattern (Fig. 6b) of decline until the last few months at sea, when estimated %M increased markedly. C profiles within the marine zone scaled to a proportional distance from the freshwater−marine transition (0 = smolt emigration, 1 = capture as adults in coastal waters). Generalised additive model smoothes and 95% confidence intervals were generated for each individual. The condition factor (W r ) for each fish is given on individual plots, with distinctions between relatively high (A) and low (B) condition groupings. One otolith, B4, was excluded from δ 13 C analyses because it was inadvertently destroyed during SIMS analysis. VPDB: Vienna Pee Dee Belemnite
DISCUSSION
The aim of the present study was to explore highresolution δ 18 O and δ
13
C variation within and between the marine zone of otoliths of 1SW Atlantic salmon Salmo salar, especially in relation to somatic condition of the returning adult fish. We use otolith δ
18
O values as a proxy for water temperature, but discuss below the uncertainties associated with predicting absolute water temperatures using otolith thermometry in a wild, free-ranging marine fish. Possible factors governing δ 13 C variation are discussed and among-individual differences highlighted.
Thermal histories
Because temperature-dependent oxygen isotope fractionation between aragonite and water exists (Kim et al. 2007 (Schmidt et al. 1999 , Frew et al. 2000 and globally interpolated by LeGrande & Schmidt (2006 C values obtained within the marine zone of otoliths from 1 sea-winter Atlantic salmon by secondary ion mass spectrometry analyses. Models were selected by backwards stepwise selection and corrected Akaike information criterion (AICc) reduction (Hurvich & Tsai 1989 Table 2 ). NA: not available. Upper, lower: 95% confidence intervals derived equation and one generated from the present data for descriptive purposes. That intra-otolith variability in marine δ
18
O exceeded among-individual variation suggests that 1SW Atlantic salmon thermal migratory behaviour is relatively constrained and that individuals experience broadly similar physical conditions at sea, perhaps to the extent that they actively choose to remain within surface waters of a relatively narrow thermal range (Friedland et al. 2000 , Friedland & Todd 2011 . The majority of fish followed similar thermal trajectories; however, away from major surface currents and polar fronts, SST changes in the Norwegian Sea occur over large geographical distances so 2 fish with a similar thermal trajectory could have migrated to markedly different geographical areas. Fig. 6a shows the general curvilinear pattern of temperature history for all salmon combined, smoothed by estimated calendar date: fish moved from warm coastal waters following freshwater emigration to a range of perhaps ~8 to 10°C by late summer/early autumn, and reached the lowest temperature waters around November to February. They then gradually re-entered warmer waters the following spring, during their return migration.
The precise oceanic migratory path of 1SW Atlantic salmon is still under debate (Dadswell et al. 2010) , but the general consensus is that post-smolts from southern Europe (British Isles, France, Spain) migrate north within the Continental Slope Current and Norwegian Coastal Current to reach the Norwegian Sea by July/August , Dadswell et al. 2010 . 1SW salmon of southern European origin have been tagged both in the waters of the Norwegian Sea and north of the Faroe Islands in autumn and winter, suggesting these are important feeding areas , Holm et al. 2007 ). SST in this region during January ranges from ~2 to 10°C (Fig. 7) . Whilst our chronology estimated from fish scales requires further confirmation, it is plausible that the general thermal profile described here is representative of salmon movement within the seasonal temperature range of the Norwegian Sea.
Notable differences exist among individuals that were not related to condition factor. The more variable δ
O values of A3 and B2 (Fig. 3) suggest that these fish periodically diverged from the common oceanic conditions. Such deviations may include excursions into colder regions of frontal or upwelling zones, indicated by higher δ
O otolith values. Individual B6 was particularly unusual in that the transition from freshwater to marine oxygen isotope values occurred gradually rather than in steps in this otolith. This may indicate that as a smolt, Fish B6 spent a prolonged period in an estuarine environment where water δ
O values tend to be lower in association with freshwater inputs. However, there also is the possibility that the transition was obscured by over-polishing the otolith section so that the SIMS transect did not intersect the focus. Future studies using SIMS should consider alternative preparation techniques in order to reduce or constrain such errors.
The natal river stock of the sampled fish is unknown, as are the consequences of individual 'thermal strategies', indicated by δ 18 O pattern, for the general success and feeding/growth history of individual fish. Major, climate-driven, changes in eastern North Atlantic plankton communities have been well documented (Beaugrand et al. 2002 , Beaugrand & Reid 2003 , Richardson & Schoeman 2004 . Parti cularly pertinent are the long-term declines in eu pha u si ids and copepods -which are major constituents of Atlantic salmon and/or their forage fish diets (Jacobsen & Hansen 2001 , Haugland et al. 2006 ) -and northward shifts of cold-water copepod species. Whilst we can show no significant relationships between otolith δ 18 O and adult condition factor, the distribution of nekton (squid, forage fish) and zooplankton is patchy and constantly changing. Thus, whilst salmon might successfully locate areas of optimal temperatures, chance effects of plankton and nekton patchiness could render those areas suboptimal. Conversely, slight shifts in SST may reflect marked changes in prey availability and make the difference between salmon finding a productive feeding location, or essentially starving until higher quality areas are encountered. Uncertainty in otolith thermometry equations, as well as the small number of individuals analysed in the present study, could obscure notable differences related to condition factor. Notwithstanding these qualifications, our results suggest that the ultimate somatic condition of adult 1SW fish either of relatively high, or relatively low, W r is not driven by large or systematic differences in thermal habitat selection. More likely, it is prey availability and quality that drive variation in adult condition.
Metabolic/dietary histories
The general pattern of the δ 13 C profile for all oto liths pooled (Fig. 5b) corresponds to similar curves reported in other studies (Gauldie 1996 , Schwarcz et al. 1998 , Høie et al. 2003 , Wurster et al. 2005 , Dufour et al. 2007 ). There was a large (~4 ‰) ontogenetic increase in intraotolith δ 13 C values. Both the ontogenetic pattern and differences in otolith δ 13 C between individuals (Fig. 4) could be driven by (1) differences in the proportion of metabolically derived carbon (M ), (2) differences in δ
13
C diet values and/or (3) differences in δ 13 C DIC values. Possible sources of variability of these parameters include the diet, exposure to DIC and innate metabolism.
Whilst Atlantic salmon are generalist, opportunistic, visual predators there is some evidence from stomach content analysis of ontogenetic changes in diet. In oceanic areas, the most common prey items of post-smolts are hyperiid amphipods, euphausiids and larval fish. Pre-adult salmon in the NE Atlantic include larger fish (e.g. sandeel, lanternfish, pearlsides) in their diets in addition to amphipods, eu phausi ids and other crustaceans (Hansen & Pethon 1985 , Haugland et al. 2006 ). C diet values (after lipid extraction) of the important crustacean species (euphausiids, amphipods and copepods; mean ± SD: δ 13 C = −21.3 ± 1.7 ‰) are approximately 3 ‰ lower than those of higher trophic level prey such as forage fish (sandeel, capelin, cod, haddock; δ 13 C = −18.2 ± 0.8 ‰) (Sato et al. 2002 , Møller 2006 , Søreide et al. 2006 . These differences probably result from trophic enrichment in 13 C, which is close to 1 ‰ per trophic level in aquatic systems (Vander Zanden & Rasmussen 2001) . Thus, diet switching to larger, higher trophic level fish prey associated with rapid marine growth could account for some of the ontogenetic rise in δ 13 C values within salmon otoliths. It is noteworthy, however, that in some studies of otolith δ 13 C, where δ 13 C of potential prey was measured, changes in diet were not sufficient to explain variation in otolith δ 13 C values (Høie et al. 2003 , Dufour et al. 2007 ).
Spatial gradients in the carbon stable isotope value of marine DIC in surface waters are governed by a complex balance between biological and thermodynamic processes (Kroopnick 1985 , Gruber et al. 1999 . Variation in surface δ 13 C DIC is slight at midlatitudes, but high-latitude areas can show larger spatial and temporal fluctuations. In the northern North Atlantic, δ
C DIC values can range seasonally by ~1 ‰ at latitudes beyond 60°N (Gruber et al. 1999) , largely owing to biological processes connected to summer stratification of surface waters. If this seasonal shift in δ 13 C DIC were to account for variation in δ
C otolith values, one would expect the latter to decrease as fish migrate throughout the summer and into winter. However, the trend was for an increase in δ
C otolith values over this time from approximately −7 to −5 ‰. Therefore, it is unlikely that changes in δ (Solomon et al. 2006) ; however, where both δ 13 C diet and δ 13 C DIC have been measured (for juvenile fish only), M ranges from 17 to 32% (Høie et al. 2003 , Solomon et al. 2006 . These estimates are specific to particular life stages, but, in reality, metabolic rate will fluctuate over the lifetime of an individual fish in response to the dynamics of temperature, growth and activity . A connection between otolith δ 13 C and fish bioenergetics has been established for several other species (Høie et al. 2003 , Wurster & Patterson 2003 , Dufour et al. 2007 , and it is likely that variation in metabolic activities over the period of rapid growth measured here in 1SW Atlantic salmon is a factor contributing to the ontogenetic and individual changes in otolith δ 13 C. The nearly linear increase in δ
C values from smolt to adult life stages could reflect both a shift towards predominant piscivory and/or the decrease in metabolic rate with size.
Assuming that lower otolith δ
C values indicate an increased metabolic rate and/or diet shifts, the present findings indicate that fish experienced elevated metabolic rate(s) and/or diet changes primarily during the early phase of their marine migration, and also within the last few months prior to coastal return (Figs. 4b & 5b) . In a study of some of the physiological changes experienced by young Atlantic salmon as they move from rivers through estuaries and into the early marine phase, Stefansson et al. (2003) found evidence that post-smolts mobilize lipid reserves while conserving protein for somatic growth. This endogenous carbon contribution will be derived from a relatively 13 C-depleted energy pool and could help explain the low otolith δ 13 C values early in the marine life stage. Additionally, the dietary C of younger and smaller salmon (e.g. the smaller constituents of the zooplankton size spectrum) is likely to be 13 C-depleted, and would reinforce low otolith δ 13 C values during this stage. More incisive partitioning of otolith δ 13 C variability between metabolic and dietary influences would, however, necessitate highresolution, compound-specific amino acid isotope analysis (e.g. McMahon et al. 2011) .
The decline in otolith δ 13 C over the last few months of the marine migration represents a marked departure from an ontogenetically based decline in metabolic rate with fish size. It is unlikely to be due to a rapid diet switch because homing salmon are known to cease or markedly reduce feeding during this time . All fish used in this study had empty guts upon capture in coastal waters, and, during the homing period, salmon are particularly active. Physiological changes associated with preparation for reproduction and freshwater re-entry could increase metabolic rate and hence the proportion of dietary carbon. Limited dietary intake during this period means that otolith carbon would be derived not from newly assimilated dietary items, but from catabolic processes affecting lipid reserves -which themselves represent a relatively 13 C-depleted carbon pool (DeNiro & Epstein 1977) . Thus, we suggest that homing Atlantic salmon begin catabolising crucial lipid reserves immediately prior to freshwater re-entry.
There was no evidence that fish returning in poor growth condition had experienced significantly different metabolic histories from those returning in normal to high condition, although there are obvious individual differences in otolith δ 13 C values. Three fish (A2, A3, B6; Fig. 4 ) did not show a rapid decrease in the final otolith δ 13 C values. It is possible that these individuals were en route to more southerly rivers and had not yet begun the physiological changes necessary for freshwater spawning migration.
The high-resolution profiles found in the present study allow detailed comparisons of δ
18
O and δ 13 C between and within individuals during comparable periods of their marine migration. The ability to retrospectively study entire marine life histories of individual fish that survive to complete the marine migration is presently limited to stable isotope analyses of otoliths. Most contemporary biotelemetry technologies do not allow for long-term deployment or retrieval of tags throughout the marine phase, and traditional tags have an extremely low probability of retrieval for Atlantic salmon. There was no evidence from our analyses that adults returning in poor condition had migrated to warmer areas of the eastern North Atlantic, but the current limitations in otolith thermometry for wild, free-ranging marine fish are substantial. It appears likely that Scottish salmon ultimately returning, both in good and poor condition, continue to migrate to areas of the Norwegian Sea with appropriate temperatures, but most individuals still fail to encounter optimal prey availability. Thus, the present results support the conclusions of Todd et al. (2008) , who asserted that Scottish 1SW salmon are encountering climate-associated changes in prey availability over wide areas of the Norwegian Sea. Intra-otolith δ 13 C values can be informative of the metabolic and dietary history of individual fish, and indicate a striking period of physiological stress and potential lipid catabolism in the last months of marine migration. Notwithstanding the limitations that retrospective estimates suffer due to a great deal of uncertainly in parameter coefficients, a fuller understanding of the trophic and metabolic consequences of ocean migration can be derived from high-resolution SIMS data for individual otoliths and such may prove invaluable in predicting the likely implications of future climate change on salmon at sea. 
